Taste buds are a heterogeneous population of cells exhibiting diverse morphological and biochemical characteristics. Because taste buds arise from multiple progenitors, the different types of taste cells may represent distinct lineages. The present study was undertaken to determine the following: (1) how many progenitors contribute to a taste bud, and (2) whether the specific subpopulation of serotonin-immunoreactive (IR) taste cells are related by lineage to a restricted set of progenitor cells. These questions were addressed using cell lineage analysis of taste buds from H253 X-inactivation mosaic mice. After random X-inactivation of the lacZ transgene, the tongue of hemizygous female mice displays discrete patches of epithelial cells, which are either ␤-galactosidase (␤-gal) positive or ␤-gal negative. By analyzing the proportion of the two differently stained cell populations in taste buds located at the boundary between positive and negative epithelial patches, we can determine the minimum number of progenitors that may contribute to the formation of a taste bud. The presence of taste buds containing only 6-12% labeled cells indicates that at least eight progenitors contribute to an average taste bud of 55 cells, assuming progenitors contribute equally to the cell population. Cell lineage analysis of serotonin-IR taste cells in such mixed taste buds suggests that this subpopulation likely arises from only one to two progenitors and often is related by lineage. Thus, at least some of the cell types in a taste bud represent distinct lineages of cells and are not merely phenotypic stages as a cell progresses from a young to a mature state.
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Taste buds, the sensory endorgans for the sense of taste, consist of ϳ50 -75 spindle-shaped neuroepithelial cells (Finger and Simon, 2000) . Taste bud cells are heterogeneous in terms of ultrastructure as well as immunocytochemical profiles (Lindemann, 1996; Finger and Simon, 2000) . Based on ultrastructural characteristics, several different subclasses of intragemmal taste cells have been identified: basal cells, type I (dark) cells, type II (light) cells, and type III (intermediate) cells (Farbman, 1965a; Murray, 1969 Murray, , 1973 Takeda, 1977; Takeda et al., 1981; Farbman et al., 1985; Kinnamon et al., 1985; Delay et al., 1986; ).
The significance of the different taste cell types, both in terms of function and cell lineage, is controversial. Like other epithelial cells, taste cells are continually replaced by a proliferative basal cell population (Beidler and Smallman, 1965; Conger and Wells, 1969; Farbman, 1980) . Consequently, cells in each taste bud vary in age. Thus, phenotypic differences may reflect the life history of the cell in a taste bud. Conversely, phenotypic differences may reflect functional diversity. For example, some investigators suggest that type III cells are the primary receptor cells of the taste bud, whereas type I cells play a supportive or glia-like role (Murray and Murray, 1971; Murray, 1986; Lindemann, 1996; Lawton et al., 2000) . Two conflicting views exist in terms of cell lineage: (1) different taste cell types represent separate lineages that maintain a stable phenotype throughout the lifespan of the cells (Farbman, 1965a,b; Fujimoto and Murray, 1970 , 1971 , 1980 Pumplin et al., 1997) , or (2) the taste cells change substantially with age, and the similarity in phenotype is associated with the acquisition of different functions by cells belonging to a common lineage (Delay et al., 1986) . Even if separate lineages exist, some characteristics might appear only under certain conditions or states of maturation but could nonetheless be restricted to particular types of taste cells. For example, only some taste cells have the ability to accumulate serotonin, and these are all type III cells ). However, not all type III cells accumulate serotonin. Whether this capability is related to lineage, functional status, or maturational state of the cell is unknown.
Previous analysis (Stone et al., 1995) of lineage complexity of X-inactivation mosaic tongue tissues has shown that multiple progenitors give rise to individual taste buds. Thus, different cell lineages may exist within a single taste bud. The present study was undertaken to investigate whether a subpopulation of taste cells defined by the serotonin phenotype is a distinct sublineage arising from developmental mechanisms or alternatively consists of taste cells undergoing a serotonergic stage of their life cycle. This question was addressed using cell lineage analysis, which is able to retrospectively identify genealogical relationships among cells arising from common ancestry.
MATERIALS AND METHODS
Mice. The mice used in these studies were X-inactivation mosaic females hemizygous for an X-linked lacZ marker (Tam and Tan, 1992) . This H253 line of mice carries ϳ14 tandem copies of an 8.9 kb fragment containing the promoter of the mouse housekeeping gene 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, linked to the Escherichia coli lacZ gene (Gautier et al., 1989) . All studies reported herein were undertaken with the approval of the University of Colorado Institutional Animal C are and Use Committee and in accord with the guidelines of the Society for Neuroscience.
Because the transgenic marker is linked to the X chromosome, natural mosaics can be produced by mating male H253 mice to wild-type females. This mating results in female progeny that are hemizygous for the lacZ marker, with the transgene present only on the paternally inherited X chromosome. During development of mammalian females, one of the two X chromosomes is randomly inactivated in each cell (Lyon, 1961) . Inactivation in mouse ectodermal and mesodermal lineages is virtually completed by embryonic day 9.5 (E9.5) (Tan et al., 1993) ; therefore, all taste cells in the emerging tongue primordia at E11.5 (Paulson et al., 1985; Kaufman, 1992) would have a 50:50 composition, with one-half of the cells expressing the lacZ gene product ␤-galactosidase (␤-gal).
Lingual tissue from transgenic male mice was used as a positive control for evaluation of ␤-gal expression in cells containing an active transgene. X-Inactivation does not occur in males; thus, in H253 transgenic males, all cells should be ␤-gal positive (␤-galϩ).
Simvastatin treatment. There is some variability in the expression of ␤-galactosidase in adult mouse tongue tissue (data not shown). To decrease this variability and to increase the production of ␤-galactosidase in cells retaining the active marker, Simvastatin was administered orally (1 mg /100 ml drinking water for 30 -40 d) to both male transgenic mice and female mosaic mice. Simvastatin lowers cholesterol, a negative inhibitor of HMG-CoA reductase (Goldstein and Brown, 1990) . L ower cholesterol, therefore, results in an increase in the production of HMGCoA reductase and in H253 mice, an increase in expression of the lacZ gene driven by the HMG-CoA reductase promoter.
T issue preparation for anal ysis of lingual epithelium and taste buds f rom male H253 transgenic mice. Lingual tissue from male H253 mice was examined to determine the pattern of ␤-gal staining in transgenic male mice. Anesthetized mice (0.1 cc, i.p., 50 mg /ml, Nembutal sodium solution; Abbott Laboratories, Chicago, IL) were perf used transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer, and the tongues were removed. Fresh fixative was used to postfix lingual tissue for 45 min, after which it was cryoprotected in 20% sucrose in 0.1 M phosphate buffer overnight. The following morning, the tongue tissue was cryosectioned at 50 -200 m thickness. Resultant sections were washed three times, for 20 min each (3 ϫ 20 min), in washing buffer (2 mM MgC l 2 , 5 mM EGTA, 0.01% Na desoxycholate, and 0.02% Nonidet P-40 in 0.1 M phosphate buffer) and then incubated overnight at 37°C in X-gal solution: 0.1% 4-chloro-5-bromo-3-indolyl-␤-D-galactopyranoside (X-gal) (Sigma, St, L ouis, MO), 5 mM K 3 Fe(C N) 6 , and 5 mM K 4 Fe(C N) 6 ⅐ 6H 2 O, in washing buffer. Stained sections were washed in 0.1 M phosphate buffer 3 ϫ 10 min, rinsed in distilled water for 10 min, and dehydrated in graded ethanols, followed by acetone and put into infiltration solution (Historesin Plus basic resin with activator; catalog #70-2224-861; Jung) overnight. The following morning, sections were placed into embedding solution (infiltration solution plus hardener) poured into molds.
Serial sections of 5-10 m thickness were cut from polymerized plastic blocks after removal from the molds. These sections were counterstained with nuclear fast red, dehydrated through graded ethanols, cleared with Histoclear, coverslipped with Permount, and examined.
Numerical anal ysis of taste bud composition. To estimate the number of progenitors contributing to individual taste buds, ␤-galϩ and ␤-galnegative (␤-galϪ) cells were counted in individual taste buds containing few ␤-galϩ cells. Hemizygous female transgenic mice were anesthetized and perf used by the same procedure described for male H253 mice. Postfixation of tongue tissue and cryoprotection also were identical to the procedures described for male mice. After cryoprotection, regions containing the circumvallate papillae, f ungiform papillae, or palatal taste buds were cryosectioned at 50 -70 m thickness. Cryosectioning was done so that taste buds could be viewed longitudinally. Most counts were done using circumvallate taste buds because of the high concentration of taste buds in these papillae. Plastic sections of X-gal-stained material were produced as above for tissue from male tongues.
Image processing and anal ysis of mi xed taste bud counts. Using both photomicrographs and mounted tissue sections, ␤-galϩ (blue plus red) and ␤-galϪ (red) intragemmal nuclei were counted in serial sections through entire taste buds. Inclusion of perigemmal cells in these counts was avoided because of the lack of ␤-gal activity in this cell population, even in nonmosaic mice (see Results, Lingual epithelium and taste buds from male H253 mice). Several features were used to distinguish between the nuclei of intragemmal taste cells and perigemmal or epithelial cell nuclei. Taste cell nuclei are more elongate and thinner than nuclei of surrounding epithelial cells; in general, taste cells and their nuclei are oriented approximately perpendicular to the surface of the crypt. In addition, in nuclear fast red counterstained sections, the cytoplasmic region of intragemmal taste cells was lighter than that of surrounding epithelial cells. This staining difference resulted in a distinct boundary around most taste buds. Although elongated and oriented similarly to taste cells, perigemmal cells contained less cytoplasm and were thinner than taste cells. These differences were obvious in central sections of taste buds in which the perigemmal cells were lateral to intragemmal cells. However, in the first and last sections of a taste bud, the distinction between intragemmal and perigemmal cells was less clear. Therefore, some perigemmal cells may have been included in the counts. The width of ␤-galϩ nuclei ranged in size from 2.5 to 7.5 m at their widest point (n ϭ 9), and the width of ␤-galϪ nuclei was similar, ranging in size from 2 to 8 m (n ϭ 67). Because the nuclei were similar in size, the sampling method used was unbiased. However, some nuclei may have been counted twice; serial sections were 5-10 m in thickness, resulting in larger nuclei being present in two sections.
Anal ysis of the number of taste bud progenitors. To provide a rough estimate of the minimal number of progenitor cells contributing to individual taste buds, the composition of mixed taste buds in the overall population was determined. These values can be compared with the proportions expected from a binomial distribution if two assumptions are made: (1) progenitors contribute equally to the taste bud population, and (2) different taste cells have approximately the same lifespan. If these assumptions are correct, then the proportions of ␤-gal-expressing and -nonexpressing cells in individual taste buds will resemble a binomial distribution. For example, if two progenitors contribute equally to a taste bud population, every mixed taste bud would be expected to contain ϳ50% ␤-galϩ cells; three progenitors would result in mixed taste buds containing 33 or 66% ␤-galϩ cells, etc. The lowest percentage of ␤-galϩ cells in mixed taste buds would be 50% if there were two progenitors but would be 33% if there were three progenitors ( Fig. 1) . Thus, the lower the contribution by ␤-galϩ cells in a taste bud, the greater the predicted number of progenitors for that bud.
Eleven taste buds of the hundreds examined in the three mosaic mice exhibiting circumvallate mosaicism were selected for scoring because they contained both ␤-galϩ and ␤-galϪ cells, and they had a low number of ␤-galϩ cells. Eight of the samples were from circumvallate papillae, two were from f ungiform papillae, and one was from a palatal taste bud. In the f ungiform and palatal samples, taste buds were more scattered and generally contained many ␤-galϩ cells and therefore were not included in the present analysis. Initial analysis of the circumvallate taste buds revealed a wide variation in the number of ␤-galϩ cells. Subsequent analysis was focused on those with few ␤-galϩ cells. The number of taste buds containing few ␤-galϪ cells in a mostly ␤-galϩ taste bud was not determined because it is difficult to detect the few unstained cells amid a blue sea of ␤-galϩ cells.
Serotonin cell lineage anal ysis. Taste cells recognized by anti-serotonin antibodies [5-HT immunoreactive (IR)] after pretreatment with the serotonin precursor 5-hydroxy-L-tryptophan (5-HTP) were chosen for initial taste cell lineage analysis because the relatively few (5-10) 5-HT-IR cells in mouse taste buds (Uchida, 1985; Fujimoto et al., 1987; K im and Roper, 1995) facilitates statistical analysis.
T issue preparation for 5-HT-IR cell lineage anal ysis. The cell lineage of 5-HT-IR taste cells was determined using mosaic analysis of taste buds double labeled with anti-␤-galactosidase antibodies and anti-serotonin antibodies, followed by fluorescent-labeled secondary antibodies. Mice were treated with Simvastatin as described previously and then injected intraperitoneally with 5-HTP (80 mg / kg body weight; catalog #3753; Sigma). One hour after 5-HTP injection, mice were anesthetized and perf used transcardially as above. In some cases, perf usion with fixative was preceded by 10 -15 ml of 0.9% NaC l (Baxter, McGaw Park, IL). After perf usion, tongues were removed and placed in fresh fixative for 45-60 min. Postfixation was followed by cryoprotection in 20% sucrose in 0.1 M phosphate buffer overnight. On the next day, 40 -50 m cryosections were collected in 0.1 M PBS.
Immunoc ytochemistr y. T wo protocols were used for immunolabeling three sets of sections. The first set of sections was double labeled with anti-␤-gal and anti-5-HT antisera. The second set of sections was triple labeled with ␤-gal antibodies, 5-HT antibodies, and 4Ј-6-diamidin-2-phenylindol-dihydrochlorid (DAPI) (a fluorescent nuclear marker). A third set of sections was triple labeled with both antibodies and propidium iodide (a different nuclear marker). The first two sets of sections were treated as follows. Cryosections were washed in PBS (3 ϫ 10 min), placed into blocking solution [1% bovine serum albumin (BSA), 1% normal horse serum, and 0.3% Triton X-100 in PBS] for 1-2 hr, and then incubated in a mixture of the polyclonal, primary antisera: goat antiserotonin (1:200 dilution; catalog #108072; Incstar, Stillwater, M N) and rabbit anti-␤-galactosidase (1:1000 dilution; catalog #38952; C appel, Cochranville, PA) in blocking solution. Taste cells labeled with the anti-serotonin antibodies are referred to as 5-HT-IR in this paper, although no attempt was made in this study to determine exactly the chemical nature of the substance recognized by the anti-serotonin antibody. Primary antibody incubation lasted for 36 -48 hr, and then sections were washed in PBS 3 ϫ 10 min and incubated for 2-18 hr in a mixture of secondary antibodies: FI TC donkey anti-goat (1:100 dilution; catalog #27384; Jackson ImmunoResearch, West Grove, PA) and Lissamine rhodamine donkey anti-rabbit (1:100 dilution; catalog #27162; Jackson ImmunoResearch), followed by washes in PBS 3 ϫ 10 min. The second set of sections was then incubated in DAPI (0.33 gm /ml; catalog #12930720-31; Boehringer Mannheim, Indianapolis, I N) for 2 min and washed 3 ϫ 10 min in PBS. A third set of cryosections was triple labeled with anti-␤-gal, anti-5-HT antisera, and propidium iodide. These were treated similarly to double-labeled and triple-labeled DAPI sections with the following exceptions: sections were incubated in PBS containing 2 mg /ml BSA (catalog #A-2153; Sigma) and 10% donkey serum (DS) (catalog #017-000-121; Jackson ImmunoResearch) for 1-2 hr before primary antibody application, which consisted of PBS, BSA, DS, rabbit anti-␤-gal (1:1000; catalog #55976; C appel), and goat anti-5-HT (1:200; catalog #20079; DiaSorin, Stillwater, M N). Sections were left in primary antibody for 2 d at 4°C, washed 3 ϫ 10 min in PBS, and incubated overnight at 4°C in secondary antisera: FI TC donkey anti-rabbit (1:100; catalog #711-095-152; Jackson ImmunoResearch) and C y5 donkey antigoat (1:100; catalog #705-175-147; Jackson ImmunoResearch). After secondary incubation, sections were washed 3 ϫ 10 min in PBS and placed into 0.1 M PBS containing 10 mg /ml MgC l 2 and 250 g /ml RNase A (Sigma) for 30 min at 35°C. After washing again in PBS, tissue was placed in 0.5 g /ml propidium iodide (Sigma) in 0.1 M phosphate buffer for 1 min, followed by 3 ϫ 10 min in PBS. Sections then were mounted on slides and coverslipped with Fluoromount G (Southern Biotechnology, Alabaster, AL). All experiments in each set included a negative control consisting of sections treated identically to the experimental sections except for a lack of primary antisera exposure. No inappropriate cross-reactivity by the secondary antisera was present in any of the sections.
Image processing and analysis. The circumvallate papillae of three mosaic mice were sectioned and double labeled with antibodies to ␤-gal and 5-HT, followed by the appropriate fluorescently tagged secondary antibodies. Taste buds with few ␤-gal-IR cells were chosen for analysis (n ϭ 16 buds) to increase the probability that the ␤-gal-IR cells were derived from a single, or few, progenitor cells. The 16 taste buds were analyzed by confocal microscopy. Two sets of confocal images were collected with a Bio-Rad (Hercules, CA) 600 laser scanning confocal microscope equipped with a helium-xenon laser and K1 and K2 filter blocks for simultaneous analysis of FITC and Lissamine rhodamine fluorescence. Two Z-series consisting of three to six images with 3-5 m steps between images were collected for each taste bud. One Z-series was taken to detect 5-HT-IR and the other to detect ␤-gal-IR. The parameters for each Z-series of a pair were identical so that the ␤-gal-IR images and the 5-HT-IR images could be merged, with Photoshop software (Adobe Systems, San Jose, CA), into a series of double-labeled color images. The number of ␤-gal-IR nuclei, 5-HT-IR cells, and double-labeled (␤-gal-IR and 5-HT-IR) cells were counted for the portions of each taste bud contained within the Z-series. Because of a nuclear localization signal associated with the ␤-gal transgene, the ␤-gal-IR is nuclear, whereas 5-HT-IR is cytoplasmic. Accordingly, it was easier to locate and identify 5-HT-IR taste cells because of the larger volume occupied by immunoreactive cytoplasm compared with the nucleus. Thus, to avoid biased sampling, 5-HT-IR cells were counted only if the nucleus was visible. In addition, eight of the taste buds were counterstained with the nuclear stain DAPI and examined with a Zeiss (Oberkochen, Germany) standard microscope equipped for epifluorescence. Lissamine-rhodamine (␤-gal-IR nuclei), fluorescein (5-HT-IR cells), and DAPI (all nuclei) labeling were viewed and photographed separately. The resulting color slides were digitally scanned, and the images were combined using Photoshop software to produce tri-color images. Both images and microscopic viewing were used to count the number of DAPI-labeled nuclei, ␤-gal-IR nuclei, and 5-HT-IR cells in sections through taste buds.
C ircumvallate and foliate papillae were collected from five additional mice, sectioned, and triple labeled with antibodies to ␤-gal and 5-HT, followed by their appropriate secondary antibodies and then propidium iodide. These sections also were analyzed by confocal microscopy. T wo sets of confocal images were collected for each selected region, one to detect ␤-gal (FI TC secondary antibody) and propidium iodide (red fluorescent) labeling and one to detect 5-HT-IR (C y5 secondary antibody). Each set consisted of a series of images collected 3-5 m apart, and the parameters for each set of a pair were identical as described for ␤-gal, 5-HT-IR double-labeled sections. Thus, triple-labeled images were obtained by merging two images collected in a single focal plane using Photoshop software. Merged images of single confocal sections were used to count ␤-gal-IR cells, 5-HT-IR cells, double-labeled cells, and nuclei (stained with propidium iodide) in selected taste buds (n ϭ 16).
Taste buds from all three sets of sections (double labeled and triple labeled with DAPI or propidium iodide; n ϭ 32 total buds) were used to determine whether the 5-HT-IR cells in individual taste buds arise from one or multiple progenitors. Sections triple labeled with both antibodies and propidium iodide (n ϭ 16) were used to study the cell lineage of 5-HT-IR cells.
Statistical analysis. Counts of labeled nuclei obtained from tri-color images were used to test whether 5-HT-IR taste cells are related by lineage. The final numerical analysis was done using sections labeled with both antisera and propidium iodide because all three labels were identifiable with confocal microscopy (n ϭ 16; see Table 2 ). The null hypothesis tested was that the presence of ␤-gal-IR and 5-HT-IR are independent events. For this analysis, the expected distribution of propidium iodide-labeled nuclei, 
5-HT-IR cells with nuclei, ␤-gal-IR nuclei, and double-labeled nuclei (5-HT-IR and ␤-gal-IR) was compared by
2 analysis with the actual distribution of labeled nuclei. To determine the expected distribution of independently labeled nuclei, the following calculations were made: D p ϭ p D X * N, where D p is the expected number of double-labeled cells in a taste bud, p D is the probability of double-labeled cells in that taste bud, and N is the total number of cells sampled, assuming independent events; p D ϭ p ␤ X * p s , where p ␤ is the probability of ␤-galϩ cells in a taste bud, and p s is the probability of 5-HT-IR cells; and p ␤ ϭ n ␤ /N p s ϭ n s /N, where n ␤ is the total number of ␤-galϩ cells in a taste bud, and n s is the total number of 5-HT-IR cells in that taste bud.
The above values were determined for a series of sections through each taste bud using actual counts of the total number of ␤-gal-IR cells, the total number of 5-HT-IR cells, and the total number of propidium iodide-labeled cells in serial confocal images through sections of taste buds. Values for the probability of single-labeled cells were calculated by subtracting the expected number of double-labeled cells from the total number of either 5-HT-IR cells or ␤-gal-IR cells. The calculated values for 5-HT-IR only cells, ␤-gal-IR only cells, and double-labeled cells were then compared by 2 analysis, with the actual counts shown in Table 2 .
RESULTS

Lingual epithelium and taste buds from male H253 mice
To ensure that the relevant cells constitutively express reductasedriven lacZ, we examined the lingual epithelium of male transgenic mice treated with Simvistatin. Although not all cells in the adult male transgenic mice expressed ␤-gal, the tongue tissue displayed uniform ␤-gal activity in all cells of the cornified, granular, and spinous layers of the lingual epithelium (Fig. 2) . In contrast, the basal layer showed little or no ␤-gal activity. All of the intragemmal cells of the taste bud strongly expressed ␤-gal but not the perigemmal cells surrounding the taste bud (Fig. 2) .
Proportions of ␤-gal؉ cells in mixed taste buds
For lineage analysis, only taste buds with few (2-18) ␤-galϩ cells were used. The presence of few ␤-galϩ cells in a taste bud increases the probability that the ␤-galϩ cells arise from the same progenitor. Cell lineage questions were addressed by using immunocytochemistry to identify taste cells labeled by 5-HT antibodies ( Many taste buds of female hemizygous transgenic mice were found to contain fewer than 50% ␤-galϩ cells. The lowest contribution of ␤-galϩ cells in a circumvallate taste bud was 6%, although more commonly, 8 -13% ␤-galϩ cells was found (Table  1, Fig. 3) . In a taste bud that contains an average of 55 cells, 8 -13% implies the presence of four to seven labeled cells. If every progenitor in the taste bud gives rise to equal numbers of progeny cells, one labeled cell in a pool of 14 progenitors will produce a taste bud containing four labeled cells (8% of the total population). By a similar argument, one labeled cell in a pool of eight progenitors would produce a taste bud exhibiting seven labeled cells (13% of total population). In addition to the circumvallate taste buds, two fungiform taste buds were analyzed. The lowest contribution of ␤-galϩ cells in the two fungiform taste buds was 31%, suggesting that at least two progenitor cells may be required to populate the whole taste bud (data not shown). However, because only two samples were analyzed, no definitive statement on the size of progenitor pool may be made for the fungiform taste bud.
Cell lineage analysis of taste cells labeled with serotonin antibodies
To resolve the issue of whether different morphological or histochemical types of taste cells represent independent cell lineages or instead a particular developmental stage of a single taste cell lineage, we examined the relationship between 5-HT-IR taste cells [a phenotypic subpopulation of type III cells ] and ␤-gal-IR nuclei in H253 transgenic, mosaic mice. Thirty-two taste buds were analyzed (from sections double labeled with both antibodies and from triple-labeled DAPI and triple-labeled propidium iodide sections), and the outcome was grouped under three categories: 5-HT-IR and ␤-gal-IR, 5-HT-IR only, and ␤-gal-IR only.
Both 5-HT-IR only cells and 5-HT-IR/␤-gal-IR double-labeled cells were present in the majority of taste buds studied (Table 2 shows results from triple-labeled propidium iodide sections; Fig.  4 ). The presence of both 5-HT-IR only cells and double-labeled cells in the same taste bud indicates that more than one progenitor gave rise to the 5-HT-IR cells in that taste bud because ␤-galϩ cells and ␤-galϪ cells cannot arise from the same progenitor. Furthermore, based on the binomial distribution, because approximately one-half of the taste buds contain both 5-HT-IR only cells and double-labeled cells (15 of 32), it is likely that two progenitors contribute to the 5-HT-IR cells in individual taste buds. However, the number of taste buds with only doublelabeled cells (n ϭ 12) is approximately twice the number expected on the basis of binomial statistics with two progenitors (n ϭ 15). This suggests that, in some taste buds, only one progenitor gave rise to the entire 5-HT-IR subpopulation.
Sections triple labeled for 5-HT-IR, ␤-gal, and propidium iodide (Fig. 4) were analyzed in more detail to determine whether Figure 3 . Light microscopic images of 5 m serial sections through circumvallate taste buds from an H253 mosaic mouse. The adult female mouse was treated with Simvistatin, and the tissue section was stained with X-gal solution as described in Materials and Methods, embedded in Historesin, resectioned, and stained with nuclear fast red. Asterisks indicate a taste bud with few ␤-galϩ cells (blue). Scale bar, 20 m. ␤-gal-IR cells, 5-HT-IR cells, cells double labeled for ␤-gal and 5-HT, and propidium iodide-labeled cells were counted in single confocal sections of 16 taste buds. The distribution of these counts was compared with that expected if ␤-gal-IR and 5-HT-IR labeled cells independently of each other (see Materials and Methods). 2 analysis was used to compare the distributions. The resultant p value for each taste bud is listed in the far right column. A p value of 0.05 or less indicated that the null hypothesis (that the labels are independent of each other) should be rejected at the 95% confidence level. Samples with only one ␤-galϩ cell were excluded from analysis because such taste buds provide no information about lineage. N was obtained by counting nuclei stained with propidium iodide in a specified region. TB, Taste bud.
there was a lineage relationship between 5-HT-IR taste cells. Counts from 16 taste buds are presented in Table 2 . The idea that 5-HT-IR taste cells are related by lineage is supported by 2 analysis of the actual and expected distributions of 5-HT-IR, ␤-gal-IR, and propidium iodide-labeled nuclei. In five of the 16 taste buds (Table 2) 
DISCUSSION
The key conclusions of this study are as follows: (1) at least eight progenitor cells contribute to each circumvallate taste bud, based on the assumption that all progenitor cells make equal contribution, and (2) amine-accumulating (5-HT-IR) cells in a taste bud are likely to be clonal descendants of a subset of progenitors. Thus, the different cell types in a mature taste bud are not merely phenotypic, temporal stages of a common taste cell type but likely represent distinct cell lineages that are independent of one another once they have undergone terminal division from the basal cell population. Furthermore, these findings indicate that at least some of the proliferative cells contributing to a taste bud have a limited repertoire of progeny, i.e., particular basal cells may generate only one or two of the three cell types in a taste bud.
Analysis of taste bud progenitor number
Individual taste buds arise from several progenitors. In circumvallate taste buds from mosaic mice, 8 -13% of taste cells are ␤-galϩ in taste buds with the fewest ␤-galϩ cells. From our counts, ϳ55 intragemmal cells are present in an average mouse circumvallate taste bud. Eight to 13% translate into approximately four to eight ␤-galϩ cells in an average taste bud consisting of 55 cells. If progenitors contribute equally, these proportions would result from a relatively large progenitor pool, e.g., eight total progenitors consisting of seven ␤-galϪ and one ␤-galϩ cell [producing seven cells each, for a total of 56 cells, with seven (12.5%) being ␤-galϩ]. This fairly large number of progenitors per taste bud correlates reasonably well with the number of cells present in early taste bud placodes that give rise to fungiform papillae and their taste buds. These placodal cells represent, or contain, the progenitor pool for incipient taste buds (Farbman and Mbiene, 1991) . In E14 mice, at the earliest stages of molecular differentiation of the incipient taste bud, the fungiform taste placodes consist of ϳ10 -12 cells exhibiting sonic hedgehog mRNA (Hall et al., 1999) .
However, the architecture of ␤-galϩ patches in the lingual epithelium suggests that a single ␤-galϩ progenitor would occur only rarely in consort with numerous ␤-gal-progenitors. In mosaic mice, the borders between ␤-galϩ and ␤-galϪ patches are generally distinct, arguing against significant tangential migration that could otherwise account for only one ␤-galϩ progenitor in a small area (Stone et al., 1995) . Also, patch sizes in the lingual epithelium are relatively large, usually ϳ50 m, with patch sizes up to 1 mm not uncommon (Stone et al., 1995) . Thus, the likelihood of a patch boundary coinciding with a taste bud is low; the likelihood of only a single lineage-marked cell falling within the progenitor pool is lower still. The relative incidence of taste buds with low numbers of ␤-gal-labeled cells suggests that, in some taste buds, progenitors contribute unequally. In support of this idea, we found occasional taste buds that contained one to two ␤-galϩ cells (e.g., a palatal taste bud that appeared to contain only one ␤-galϩ cell), a situation that would require the unlikely contribution of 25-55 progenitors if they all contributed equally. Taste buds with few labeled cells could occur if progenitors give rise to different numbers of progeny or if they take turns producing taste cells. For example, if four progenitors were to contribute to a taste bud and one of these divided at one-third the rate of the others, then it would give rise to only 10% of the final population. Taste cells with different lifespans also could result in a taste bud with few ␤-galϩ cells. Farbman (1969 Farbman ( , 1980 reported that dark (type I) cells have a lifespan of ϳ9 d, whereas light (type II) cells live somewhat longer. Thus, the ␤-galϩ cells in taste buds with the fewest positive cells may be dark cells if dark and light cell progenitors divide at the same rate and dark cells die more quickly. Alternatively, progenitors producing cells with longer lifespans may divide more slowly and contribute cells to the bud less often.
5-HT-IR taste cell lineage analysis
Our mosaic analysis of 5-HT-IR taste cells indicates that, within a taste bud, 5-HT-accumulating taste cells tend to be related by lineage, and, in individual taste buds, one or two progenitors give rise to this subpopulation. Several cell types exist in a taste bud, Figure 4 . Confocal image of circumvallate taste buds from an H253 mosaic mouse, triple labeled for ␤-gal-IR ( magenta), 5-HT-IR ( green), and propidium iodide (blue). This figure was obtained by merging two confocal images using Photoshop software as described in Materials and Methods. The Photoshop filter "dust and scratches" was used to remove artifactual speckles from the merged image (pixel value was 3). Note that both 5-HT-IR only cells ( green) and double-labeled cells ( green and magenta) are present in individual taste buds (e.g., bud indicated by asterisk). This indicates that more than one progenitor gave rise to the 5-HT-IR cells in those buds. Scale bar, 20 m.
and controversy exists as to whether different cell types represent distinct lineages or whether one cell type grades into another as the taste cell matures (Delay et al., 1986) . This controversy primarily centers around type I (dark), type II (light), and type III (intermediate) cells defined by ultrastructural characteristics. Cells that display 5-HT-IR belong to the type III class of taste cells (Takeda and Kitao, 1980; Uchida, 1985; Fujimoto et al., 1987; Kim and Roper, 1995; , although not all type III cells exhibit 5-HT immunoreactivity ). The cell lineage study presented here indicates that one class of type III cell, the 5-HT-IR cells, exhibit lineage relationships within the taste bud and therefore do not represent one stage of an age-related continuum of cells progressing from type I to type III to type II (dark to intermediate to light), as suggested previously.
The lineage relatedness among amine-accumulating type III cells suggests that at least some proliferative basal cells are restricted in terms of their ability to generate different taste cell types. Based on studies of other tissues, it is likely that more than one source of proliferating cells contributes to the taste bud cell population. In both the epidermis and the olfactory epithelium, two mitotically active basal cell populations exist [epidermis (Barrandon and Green, 1987; Potten and Morris, 1988) and olfactory epithelium (Graziadei and Metcalf, 1971; Monti Graziadei, 1978, 1979; Mackay-Sim and Kittel, 1991; Huard et al., 1998) ]. One type of basal cell, the stem cell, has a long cell cycle and, by asymmetric division, maintains both a stem cell population and a second proliferative population. This second proliferative group of basal cells, like a transit-amplifying population, divides a limited number of times and then differentiates. This general scheme also has been proposed for intestinal epithelium (for review, see Gordon and Hermiston, 1994) . Furthermore, studies of lingual epithelial basal cells indicate that more than one type of basal cell gives rise to the general lingual epithelium (Fukuda et al., 1978) .
Two dividing populations may ultimately contribute to taste buds, with basal cells remote from the taste bud serving as the stem cell population and more proximate taste bud basal cells (and possibly perigemmal cells) serving as a lineage-restricted pool of transit-amplifying cells. The idea that both peripheral cells (perigemmal or surrounding cells) and basal cells within the taste bud contribute to the taste bud is consistent with reports of mitotic activity in both cell populations (Beidler and Smallman, 1965; Conger and Wells, 1969; Murray and Murray, 1971; Farbman, 1980; Delay et al., 1986) . The lineage-restricted taste bud basal cells would likely include the mammalian achaete-scute homolog 1 (Mash1)-positive basal cells identified by Seta et al. (1999) and the BMP-4 (bone morphogenetic protein)-expressing basal cells identified by . Both of these markers are expressed by a specific subset of postmitotic taste cells, as well as the proliferative basal cells. This persistence of expression in only some types of taste cells may indicate that some basal cells only give rise to certain types of taste cells. Thus, for example, one population of basal cells might generate the neural-like type III cells, whereas a different set of basal cells gives rise to the more glial-like type I cells.
This lineage restriction could occur in one of two ways: either the original embryonic progenitor population is restricted or else the embryonic progenitors give rise to multipotent stem cells, which produce a lineage-restricted pool of proliferative basal cells (Fig. 5) . In the first of these models, the original embryonic progenitor cells give rise to basal cells, which are restricted in terms of their proliferative capabilities from the outset. Thus, a particular basal cell might generate only type III taste cells, whereas other basal cells would generate type II or type I taste cells (Fig. 5A) . Conversely, the embryonic progenitors may give rise to multipotent stem cells, which continuously give rise to a set of lineage-restricted proliferative cells intimately associated with the taste buds. These gemmal proliferative cells then would give rise to the different types of taste cells (Fig. 5B) . That is, proliferative cells near the taste bud (e.g., taste bud basal cells) may give rise to only one type of taste cell (type I, II, or III), whereas multipotent epithelial stem cells are capable of generating all types of epithelial cells, including the lineagerestricted gemmal proliferative cells. Our results are consonant with either model. Thus, additional study will be necessary to determine whether multipotent stem cells are present in association with adult taste buds. 
